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Since methylmalonyl-CoA epimerase appears to be absent in the majority of
photosynthetic organisms, including diatoms, (S)-methylmalonyl-CoA, the
intermediate of isoleucine (Ile) catabolism, cannot be metabolized to (R)-
methylmalonyl-CoA then to succinyl-CoA. In this study, propionyl-CoA
carboxylase (PCC) RNAi silenced strains and 3-hydroxyisobutyryl-CoA hydrolase
(HIBCH) overexpression strains were constructed to elucidate the Ile degra-
dation pathway and its influence on lipid accumulation in Phaeodactylum
tricornutum based on growth, neutral lipid content and metabolite profile
analysis. Knockdown of PCC disturbed the metabolism of Ile through propio-
nyl-CoA to methylmalonyl-CoA, as illustrated by much higher Ile content at
day 6. However, Ile decreased to comparable levels to the wild-type at day
10. PCC silencing redirected propionyl-CoA to acetyl-CoA via a modified
b-oxidation pathway, and transcript levels for some branched-chain amino
acid (BCAA) degradation-related genes, especially HIBCH, significantly upre-
gulated in the PCCmutant, which enhanced the BCAA degradations and thus
resulted in higher triacylglycerol (TAG) content. Overexpression of HIBCH
accelerates Ile degradation and results in a lowered Ile content in the over-
expression strains, thus enhancing carbon skeletons to the tricarboxylic acid
cycle and giving rise to increasing TAG accumulation. Our study provides a
good strategy to obtain high-lipid-yield transgenic diatoms by modifying
the propionyl-CoA metabolism.
This article is part of the themed issue ‘The peculiar carbon metabolism
in diatoms’.1. Introduction
Diatoms, found in waters worldwide, are one of the most successful groups of
unicellular eukaryotic algae and are believed to be responsible for up to 20% of
the global primary production [1,2]. They are autotrophic secondary endosym-
bionts and possess a remarkable number of genes with diverse origins [3,4]. As
a consequence, diatoms display a flexible metabolism, as illustrated by the
presence of anunexpectedmetazoan-like ornithine–urea cycle [5,6].Phaeodactylum
tricornutum, as a model species of diatoms, is widely used for ecology, physiology,
biochemistry and molecular biology studies, especially to investigate biofuel
production by algae. It has been well documented that triacylglycerol (TAG)
accumulation in P. tricornutum under nitrogen stress is a consequence of re-
allocation of carbon mainly from the intermediates of the tricarboxylic acid
(TCA) cycle [7,8]. Furthermore, carbon skeletons from enhanced branched-chain
amino acid (BCAA) degradation under nitrogen deficiency feed into the TCA
cycle and contribute to TAG biosynthesis in this diatom [7].
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2The BCAAs leucine (Leu), isoleucine (Ile) and valine (Val)
are essential amino acids for animals and humans. The first
two steps of their degradation pathways are catalysed by the
same branched-chain amino acid transaminase (BCAT) and
branched-chain a-keto acid dehydrogenase (BCKDH). Then,
the degradation pathways of the three BCAAs diverge into sep-
arate enzyme-catalysed steps that eventually lead into the TCA
cycle in mitochondria. Carbon originating from Leu converts
into acetyl-CoA, whereas Ile and Val provide carbon for the
conversion of propionyl-CoA to succinyl-CoA [9]. Unlike
animals, photosynthetic organisms are able to synthesize
BCAAs de novo and these amino acids can also interconvert
each other [9]. However, methylmalonyl-CoA derived from
carboxylation of propionyl-CoA cannot be metabolized to
succinyl-CoA due to the absence of methylmalonyl-CoA epi-
merase (MCEE) in the majority of photosynthetic organisms
includingP. tricornutum (see electronic supplementarymaterial,
Data S1). Besides MCEE, methylmalonyl-CoA mutase (MCM)
appears to be absent in plants [10]. It is indicated that catabolism
of Val takes place first through conversion to Leu in Arabidopsis
thaliana [10] and P. tricornutum [7]. It seems that it might
be Ile degradation rather than Val degradation that gives rise
to propionyl-CoA in photosynthetic organisms. Plants are
believed to use a modified b-oxidation pathway for the propio-
nyl-CoAdegradation in peroxisomes [10], but it is not clear how
P. tricornutummetabolizes propionyl-CoA.
In this report, propionyl-CoA carboxylase (PCC) RNAi silen-
cing strains were constructed to elucidate propionyl-CoA
metabolic pathways in P. tricornutum by transcript level and
metabolome analysis. Although a distinct slowdown of Ile
degradation was observed, the b-oxidation pathway was
feedback activated and Ile degradation was not inhibited
in the PCC knockdown lines during TAG accumulation.
Furthermore, 3-hydroxyisobutyryl-CoA hydrolase (HIBCH), a
single-copy gene involved in the b-oxidation of propionyl-
CoA, was overexpressed in P. tricornutum, and a slightly
enhanced BCAA degradation was found in the overexpression
lines. It is also interesting that increasing TAG accumulation
was obtained without significantly compromising cell biomass
in PCC1 knockdownmutants andHIBCH overexpression lines.2. Material and methods
(a) Strains and growth conditions
Axenic cultures ofP. tricornutumBohlin (CCMP2561)were obtained
from the culture collection of the Provasoli-Guillard National
Center for Culture of Marine Phytoplankton, Bigelow Laboratory
forOcean Sciences,USA.For the growth experiment andmetabolite
analysis, cells (2  105 cells ml21) from mid-logarithmic phase cul-
tureswere inoculated in artificial seawater enrichedwith f/2 (nitrate
concentration was reduced to 500 mM) [11] and cultivated at 228C
under continuous illumination of 60 mmol photons m22 s21 on a
shaking tablewith continuous shaking at 60 r.p.m. For quantitative
real-timePCRanalysis, cultureswith4  105 cells ml21were grown
under continuous illumination of 100 mmol photons m22 s21 and
bubbled with filtrated air.
(b) Growth and lipid content analysis
Sampling was performed every 2 days for determinations of cell
number, nitrate concentration, neutral lipid content and TAG
accumulation. Nitrate concentration in the mediumwas evaluated
spectrophotometrically at 220 nm [12]. The relative neutral lipid
content was monitored by fluorometric assay using the dye NileRed (Sigma-Aldrich) [13]. A total of 6  106 cells for each sample
were stainedwith Nile Red as described by Ge et al. [7] and the flu-
orescence was measured at 572 nm using an LS 55 Fluorescence
Spectrometer (Perkin-Elmer). Total lipid was extracted from the
cell pellet according to Bligh & Dyer [14] and analysed using
thin-layer chromatography (TLC) for comparison of the TAG
content. TLC was performed as described by Reiser & Somerville
[15] by one-dimensional TLC on silica gel plates 60 F254 (Merck
KgaA, Darmstadt, Germany) with triolein as the standard
(Sigma-Aldrich).
(c) Construction of PCC RNAi strains
Two PCC (PCC1 and PCC2, corresponding to a- and b-subunit
of PCC) silencing vectors were generated according to De Riso
et al. [16]. Briefly, a 201-bp fragment (corresponding to the
PCC1 gene sequence from 1006 to 1206 bp) and a 412-bp frag-
ment (corresponding to the PCC1 gene sequence from 1006 to
1417 bp) were amplified from the P. tricornutum cDNA, respect-
ively, with the primers pcc1_fw (containing an EcoRI site) and
pcc1_rv1 (containing an XbaI site), and pcc1_fw and pcc1_rv2
(containing an XbaI site). The fragments were digested with
EcoRI and XbaI and ligated in sense and antisense orientations
to the EcoRI site of the linearized phir-PtGUS vector, replacing
the GUS gene fragments. The same procedure was followed for
the generation of the PCC2 silencing vector. A short fragment
of 240-bp (from 955 to 1194 bp of the PCC2 gene sequence)
and a long one of 439 bp (corresponding to the gene sequence
from 955 to 1393 bp) were amplified from the P. tricornutum
cDNA, respectively, using the primers pcc2_fw (containing an
EcoRI site) and pcc2_rv1 (containing an XbaI site), and pcc2_fw
and pcc2_rv2. PCC silencing vectors (containing a bleomycin-
resistance gene) were introduced into P. tricornutum by
electroporation according to Zhang & Hu [17]. The transformants
were screened by checking the integration of the sh ble gene with
the primers ble_fw and ble_rv. All primers for the PCR are listed
in the electronic supplementary material (Data S2).
(d) HIBCH GFP fusion and overexpression constructs
The full-length cDNA sequence of HIBCHwas identified based on
expressed sequence tag libraries [18] and is 1182 bpwithout intron
(ProtID_12599). For the localization analysis of HIBCH, a construct
was generated to express C-terminal green fluorescent protein
(GFP) fusion proteins in P. tricornutum cells. The full-length
coding regions of HIBCH were amplified by PCR using primers
hgfp-fw and hgfp-rv (electronic supplementary material, Data S2)
from the cDNA and inserted into the KpnI site (immediately
upstream of the egfp sequence) of the pPhaT1-eGFP vector [17].
To generate theHIBCHoverexpression construct, the open reading
frame of HIBCHwas amplified by PCR using the hoe-fw and hoe-rv
primers (electronic supplementary material, Data S2) and ligated
into the pPhaT1 vector (between theXbaI andHindIII sites). Inserts
of all constructs were sequenced to confirm that no unintended
nucleotide changes were present. The vector was introduced into
wild-type P. tricornutum and transformants were screened as men-
tioned above. For staining of the mitochondria of GFP-positive
clones, cells were harvested and then incubated for 25 min in
190 mM MitoTracker Orange (Invitrogen) with shaking in the
dark. After staining, cells were washed once with f/2 medium
and then observed using a Leica TCS SP8 laser scanning confocal
microscope. Fluorescence of eGFP and plastid autofluorescence
was excited at 488 nm, and was detected with 500–550 nm and
630–690 nm, respectively. Fluorescence of MitoTracker Orange
was excited at 552 nmanddetected at a bandwidth of 560–590 nm.
(e) Metabolite analysis
Cells were harvested and quickly frozen in liquid nitrogen,
then were freeze-dried. Freeze-dried cells were treated using a
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Figure 1. Pathways of BCAA degradation in P. tricornutum. Transcriptionally upregulated genes during TAG accumulation are in red. BCAT, branched-chain amino acid
transaminase; BCKDH, branched-chain a-keto acid dehydrogenase; DHLTA, dihydrolipoyllysine-residue (2-methylpropanoyl) transferase; IVD, isovaleryl-CoA dehydro-
genase; MCC, methylcrotonyl-CoA carboxylase; MGCHS, methylglutaconyl-CoA hydratase; HCL, hydroxymethylglutaryl-CoA lyase; IPMS, 2-isopropylmalate synthase;
IPMDH, isopropylmalate dehydratase; IPMDCase, 3-isopropylmalate dehydrogenase; MCD, 2-methylacyl-CoA dehydrogenase; ECHS, enoyl-CoA hydratase; HAD, 3-
hydroxyacyl-CoA dehydrogenase; ACAT, acetyl-CoA C-acyltransferase; ACD, acyl-CoA dehydrogenase; HIBCH, 3-hydroxyisobutyryl-CoA hydrolase; HIBADH, 3-hydroxyi-
sobutyrate dehydrogenase; MMSDH, methylmalonate-semialdehyde dehydrogenase; ALDH, aldehyde dehydrogenase; PCC, propionyl-CoA carboxylase; MCM,
methylmalonyl-CoA mutase; MCEE, methylmalonyl-CoA epimerase, VMOAT, valine-3-methyl-2-oxovalerate transaminase.
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3standard process for metabolite extraction and the extracts
were detected by NMR as described by Ge et al. [7]. Spectral
analysis was done using Chenomx Inc NMR-suite software
v. 8.0. A total of 65 metabolites were identified and
quantified (electronic supplementary material, Data S3), and
principle component analysis (PCA) was applied to metabolites’
concentration data to visualize inherent clustering between
the samples.( f ) Quantitative real-time PCR
Cells grown for 36 (before TAG accumulation), 48, 60, 84 and 108 h
were harvested by centrifugation (3000 r.p.m., 15 min) and used
for RNA extraction with TRIzol Reagent (Invitrogen). Contami-
nating DNA was removed with DNase I (Invitrogen) and RNA
was then reverse transcribed into first-strand cDNA with the
High-capacity cDNA Reverse Transcription Kits (Invitrogen).
Gene transcription was measured using the SYBR Green PCR
Master Mix (Applied Biosystems) and LightCycler 480 Real-Time
PCR System (Roche). Primers used for real-time PCR are shown
in the electronic supplementary material (Data S2). The Histone
H4 genewas used as the endogenous control gene for normalizing
expression of the target gene [19]. DCT values were obtained
by subtracting the average values of experimental genes from an
average of the control gene for each sample.3. Results and discussion
(a) Putative BCAA degradation pathway
Based on the KEGG (human) Leu,Val and Ile degradation path-
ways,most of BCAAdegradation-related geneswere annotated
inP. tricornutum’s genome on the JGI database (http://genome.
jgi.doe.gov/Phatr2/Phatr2.home.html). For Leu degradation,
although dihydrolipoyllysine-residue (2-methylpropanoyl)
transferase (DHLTA), isovaleryl-CoA dehydrogenase (IVD)
and methylglutaconyl-CoA hydratase (MGCHS) encoding
genes were not annotated in the JGI database, we found
the corresponding coding genes with the Protein ID 54219,
22019 and 11811, respectively, in the P. tricornutum genome
by using homology BLAST searching. Knockdown of b-subunit
of methylcrotonyl-CoA carboxylase (MCC2), a key gene involved
in Leu degradation, disturbed Leu catabolism and led to
increased accumulation of Leu in P. tricornutum [7]. Mutation
in MCC of Arabidopsis also blocks Leu catabolism and increases
Leu accumulation [20]. It is evident that the Leu degradation
pathway in these two photosynthetic organisms at least is the
same as that in humans (figure 1).
For Val degradation, two un-annotated genes encoding
short-chain acyl-CoA dehydrogenase (ACD) and HIBCH
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4were found in the P. tricornutum genome with the Protein ID
25932 and 12599. The oxidative degradation of Val is known
to proceed through a (S)-methylmalonate semialdehyde inter-
mediate to propionyl-CoA then eventually to succinyl-CoA in
humans. In addition, (S)-methylmalonate semialdehyde can
also be converted to methylmalonate by aldehyde dehydro-
genase (ALDH). However, no methylmalonate was detected
during amino acid degradation in P. tricornutum in our pre-
vious [7] and present study (electronic supplementary
material, Data S3). In this work, we found that the mRNA
levels of two ALDH genes were downregulated during nitro-
gen starvation (electronic supplementary material, Data S4),
while transcript levels of genes encoding enzymes involved
in conversion of Val to Leu were upregulated [7]. MCC2
lesion in P. tricornutum [7] andArabidopsis [20] also disturbs Val
catabolism. In addition, it has been reported that incubation of
A. thaliana seedlingswith uniformly labelled [13C]Val results in
an accumulation of [13C]Leu not [13C]hydroxypropionate,
showing that the major pathway for Val metabolism was not
through amodified b-oxidation pathway, but through the con-
version to Leu [10]. Taken together, unlike in humans, Val and
Leu degradation share the same pathway in this diatom and
Arabidopsis, which converts Val into acetyl-CoA rather than
succinyl-CoA finally (figure 1).
According to the human Ile degradation pathway, all genes
encoding Ile catabolism enzymes except for the MCEE gene
were found in the P. tricornutum genome, including an un-
annotated gene encoding 2-methylacyl-CoA dehydrogenase
(MCD, ProtID_20310).MCEE is also absent in other sequenced
diatoms. Furthermore,MCEE ismissing in fungi and almost all
of the photosynthetic organisms (electronic supplementary
material, Data S1). MCEE exists in Chlorella variabilis and
Galdieria sulphuraria, and the former is a photosynthetic endo-
symbiont of protozoans while the latter is an extremophilic
species with broad metabolic capacities (heterotrophy and
photoautotrophy), suggesting that MCEE is derived from
horizontal gene transfer [21,22]. Physcomitrella patens, a transi-
tional form between lower and higher plants [23], also has an
MCEE encoding gene. Besides MCEE, methylmalonyl-CoA
mutase (MCM) appears to be absent in plants [10]. Therefore,
methylmalonyl-CoA, the product of propionyl-CoA car-
boxylation, cannot be metabolized to succinyl-CoA. Plants
and some fungi can degrade propionyl-CoA via a modi-
fied b-oxidation pathway [10,24]. All genes encoding the
b-oxidation pathway of propionyl-CoA have been found in
the P. tricornutum genome, indicating that its Ile degradation
pathway is different from that in humans. No phenotype was
observed in the MCM knockdown lines of P. tricornutum [7],
which further suggests that propionyl-CoA metabolism is not
a biotin and B12-dependent pathway (figure 1).
(b) Silencing of PCC activated b-oxidation pathway
of propionyl-CoA
PCC, a mitochondrial biotin-dependent enzyme, catalyses the
carboxylation of propionyl-CoA to produce (S)-methylmalonyl-
CoA. The holoenzyme of PCC is an a6b6 dodecamer,
with biotin carboxylase and biotin carboxyl carrier protein
domains in the a-subunit and carboxyltransferase domains
in the b-subunit [25]. Two putative genes, protein IDs
51245 (PCC1) and 45886 (PCC2), encoding PCC a- and
b-subunits, respectively, have been annotated in the genome
of P. tricornutum. The a- and b-subunits of P. tricornutum(PtPCC) and human PCC share 44% and 65% sequence iden-
tity, respectively, showing highly conserved amino acid
sequences with functional domains (electronic supplementary
material, figures S1 and S2).
In order to clarify propionyl-CoA degradation pathways,
PCC1 and PCC2 short hairpin RNA knockdown strains were
constructed in P. tricornutum. Two PCC1 silenced strains
(pcc1p and pcc1q) and two PCC2 silenced strains (pcc2b and
pcc2c) showed 69–87% and 38–68% reductions, respectively,
in transcript levels compared with wild-type (figure 2a).
During exponential growth phase the growth of the four PCC
mutants was not significantly different from that of wild-
type, while compared with wild-type the PCC2 knockdown
lines exhibited 13–20% lower cell density in the stationary
phase and the PCC1 knockdown lines showed the comparable
cell density at day 14 (figure 2b). The four mutants showed
comparable or increased TAG contents relative to wild-type
cells by TLC analysis (figure 2c), especially at day 10 when
their TAG content is significantly higher. Neutral lipid content
per cell detected byNile Red at day 14 in the four PCCmutants
increased by 32–73% compared with what was observed in
wild-type cells (figure 2d). In addition, there was no difference
in nitrate utilization between thesePCCmutants andwild-type
(figure 2e).
Knockdown of MCC2 disturbs BCAA catabolism and
decreases the carbon flux towards the TCA cycle, thus resulting
in decreased TAG accumulation.MCC2 inhibition also gave rise
to incomplete utilization of nitrogen and lowered biomass in
P. tricornutum [7]. However, silencing of PCC enhanced lipid
accumulation and had no influence on nitrate utilization. In par-
ticular, a comparable cell biomasswithwild-typewas reached in
the strain of pcc1p, but its TAG and neutral lipid content were
significantly higher. This mutantwas used to carry out the com-
parison of metabolome and transcript level with wild-type.
Metabolite analysis showed that silencing of PCC1 slowed
down the 3 BCAA degradation, and in particular, Ile content at
day 6 was much higher than that of wild-type. Nevertheless,
all the 3 BCAA contents decreased to a very low level in the
mutant at day 10, which is comparable to that of wild-type
(figure 3). PCC lesion disturbs carboxylation of propionyl-CoA
to methylmalonyl-CoA, and thus might change Ile metabolism.
An interconversion between Ile and Val catalysed by valine-3-
methyl-2-oxovalerate transaminase (VMOAT) was reported
in pea [26], and Val can convert into Leu in P. tricornutum
and Arabidopsis, which might account for the fact that PCC
silencing affected all three BCAA metabolisms. Quantitative
real-time PCR analysis showed a significantly lower mRNA
level for many BCAA degradation-related genes in strain
pcc1p at 60 h compared with wild-type (figure 4). However,
the transcript levels of most of the BCAA degradation-related
genes recovered to levels comparable to those in wild-type at
84 h, while an about threefold increase was observed in
acetyl-CoA C-acyltransferase (ACAT), a-subunit of methylcroto-
nyl-CoA carboxylase (MCC1) and HIBCH. HIBCH was also
upregulated (twofold) at 108 h. It is suggested that silencing
of PCC activated propionyl-CoA metabolism to acetyl-CoA
via a modified b-oxidation pathway, thus resulting in carbon
flux towards the TCA cycle and increased TAG accumulation.
In addition, strongly upregulatedACAT could enhance conver-
sion of 2-methylacetoacetyl-CoA, an intermediate of Ile
catabolism, to acetyl-CoA and propionyl-CoA, which might
also be one of the reasons why a higher TAG content is
observed in the PCCmutant.
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5(c) Overexpression of HIBCH increased Ile degradation
and TAG accumulation
HIBCH catalyses the conversion of 3-hydroxyisobutyryl-CoA
to 3-hydroxyisobutyrate involved in the Val catabolic pathway
[27], and this mitochondrial enzyme is also reactive towards 3-
hydroxypropionyl-CoA, giving it a dual role in a secondary
pathway of propionate metabolism in humans [28,29]. In Ara-
bidopsis, there are five putative genes coding HIBCH: two of
them with the predicted localization in mitochondria and
three in peroxisomes [10]. Mutation of CHY1, one of the perox-
isomal HIBCH in Arabidopsis [30], resulted in a dramatically
increased sensitivity to the toxic effects of excess propionate
and isobutyrate but not of Val [10], which suggested that
HIBCH is important for propionyl-CoA metabolism in
plants. A hypothesized gene encoding HIBCH was found in
P. tricornutum, and is 39% and 38% identical to a human
HIBCH (HsHIBCH) and CHY1. HIBCH with different originshave conserved amino acids near the catalytic site of Gly-149
(in HsHIBCH) and Glu-169 (in HsHIBCH) (electronic sup-
plementary material, figure S3) and are grouped into three
distinct clades (electronic supplementary material, figure S4).
HIBCH in five diatoms were clustered into the same group
and clearly separated from the other organisms. Chlamydomo-
nas reinhardti HIBCH (CrHIBCH), encoded by a single-copy
gene, has a C-terminal peroxisome targeting signal and
TargetP analysis predicted a mitochondrion location for
P. tricornutum HIBCH. The fluorescence signal of HIBCH:GFP
fusion proteins was around the plastid and showed a parallel
staining with a MitoTracker Orange, which revealed that
HIBCH was targeted to the mitochondria in P. tricornutum
(figure 5). Different localizations of HIBCH in green algae and
diatoms indicate that they have different evolutionary origins.
Asmentioned earlier, the transcript level ofHIBCH showed
strong upregulation in the PCC1-silenced strain and was also
upregulated from 48 to 108 h in wild-type (figure 4). Nitrate
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Figure 4. Transcript levels of genes encoding components involved in BCAA degradation in wild-type (WT, relative to 36 h), PCC RNAi silenced line ( pcc1p, relative
to WT) and HIBCH overexpression line (hibch-OE3, relative to WT). Transcriptional fold changes from triplicate technical replicates of duplicate cultures (n ¼ 2). BCAT,
branched-chain amino acid transaminase; BCKDH, branched-chain a-keto acid dehydrogenase; DHLTA, dihydrolipoyllysine-residue (2-methylpropanoyl) transferase;
IVD, isovaleryl-CoA dehydrogenase; MCC, methylcrotonyl-CoA carboxylase; MGCHS, methylglutaconyl-CoA hydratase; HCL, hydroxymethylglutaryl-CoA lyase; MCD, 2-
methylacyl-CoA dehydrogenase; ECHS, enoyl-CoA hydratase; HAD, 3-hydroxyacyl-CoA dehydrogenase; ACAT, acetyl-CoA C-acyltransferase; PCC, propionyl-CoA carboxy-
lase; ACD, acyl-CoA dehydrogenase; HIBCH, 3-hydroxyisobutyryl-CoA hydrolase; HIBADH, 3-hydroxyisobutyrate dehydrogenase; MMSDH, methylmalonate-
semialdehyde dehydrogenase.
Figure 5. Fluorescent microscope images of cells transformed with egfp fusions comprised full-length HIBCH. From left to right, panels show microscopical images
of transmitted light, chlorophyll autofluorescence, GFP fluorescence, mitochondria stained by MitoTracker Orange and a merged image, scale bar represents 5 mm.
rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B
372:20160409
7was depleted after 48 h, after which amino acid catabolism
appeared to overtake anabolism and TAGs began to accu-
mulate [7]. In order to understand the role of HIBCH in
Ile degradation and how the degradation contributes to TAGaccumulation in P. tricornutum, HIBCH overexpression strains
were constructed. Wild-type cells and four independent trans-
genic lines harbouring full-length HIBCH cDNA driven by a
FCP promoter were selected for gene expression analysis at
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Figure 6. Effect of HIBCH gene overexpression on growth and neutral lipid accumulation. (a) Relative mRNA levels of HIBCH (error bars represent s.e. of triplicate
technical replicates of duplicate cultures), (b) growth, (c) accumulation of TAGs detected by thin-layer chromatography (TLC), (d ) accumulation of neutral lipid
detected by Nile Red assay (fluorescence intensity normalized to cell number) and (e) nitrate utilization of wild-type (WT) and two overexpression lines
(hibch-OE1 and hibch-OE3) grown in f/2 (NaNO3 concentration was reduced to 500 mM) enriched artificial seawater medium. mRNA levels were performed at
day 8. The values above the TLC panel indicate the relative TAGs normalized to the WT at day 6, which was set as 1. Error bars in (b), (d ) and (e) represent
s.e. of three biological replicates.
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8day 8 of cell culture. HIBCH of two lines (denoted hibch-OE1
and hibch-OE3) showed a 48.3-fold and 18.4-fold increase,
respectively, in transcript levels compared with wild-type
cells (figure 6a). As shown in figure 3, all the 3 BCAA degra-
dations were slightly enhanced ( p, 0.05 on day 2, p. 0.05
on day 6 and 10) in the HIBCH overexpression strains.
Although no significant difference was observed in the three
BCAA contents at day 6 and 10, their contents decreased by
6–23% at day 2, suggesting that HIBCH played a key role in
the BCAA degradation. According to the BCAA degradation
pathway, overexpression of HIBCH promoted BCAA degra-
dation directly or indirectly due to the interconversion
among the three BCAAs existing in the photosyntheticorganisms. Quantitative real-time PCR analysis showed that
the transcript levels of most of the BCAA degradation-related
genes were comparable or higher in strain hibch-OE3 at 60 h
comparedwithwild-type, andmany genes are further upregu-
lated at 84 h (figure 4). For example, besides HIBCH which
upregulated 297-fold, 2.5-fold, 3.2-fold and 6.1-fold upregula-
tion were detected in DHLTA (BCAA degradation), MGCHS
(Leu and Val degradation) and ACAT (Ile degradation)
at 84 h in strain hibch-OE3. This is also one of the reasons
why HIBCH overexpression enhanced all the three BCAA
degradations. Downregulation of PCC in the overexpres-
sion strain indicated that metabolism of propionyl-CoA to
methylmalonyl-CoAwas inhibited.
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9No significant differences were observed in the growth
between the HIBCH overexpression lines and wild-type until
day 8 (figure 6b). A slightly lower cell density was obtained
at day 10 but much higher TAG (figure 6c) and neutral lipid
(figure 6d ) were reached in the overexpression strains. In par-
ticular, neutral lipid increased by 45–63% and 42–60% at
day 8 and day 10, respectively, in the two overexpression
strains, compared with what was observed in wild-type cells.
Increased supply carbon flux derived from the enhanced
BCAA degradation resulted in increased TAG accumulation
in the HIBCH overexpression strains. In addition, nitrate
utilization showed no difference in the overexpression strains
(figure 6e).
(d) Transcript level and metabolite profile analysis
reveal Ile degradation pathway
Based on the phenotypes of PCCmutants and HIBCH overex-
pression lines, the Ile degradation pathway could be outlined
in figure 1 and all genes involved in the pathway exhibited
coordinated patterns of expression from 48 to 108 h, namely
most of these genes showed upregulation (figure 4). Catabo-
lism in the first three steps is common to all three BCAAs and
genes involved in the steps were also strongly upregulated.
The catabolism of Val takes place first through conversion
to Leu and transcript levels of genes encoding enzymes
involved in the conversion were upregulated during TAG
accumulation in P. tricornutum [7]. All genes involved in
Leu degradation were upregulated during TAG accumulation
in this study. It was reported that BCAA degradations occur
during TAG accumulation and provide carbon skeletons
directed towards lipid synthesis [7,8,31].
According to PCA of metabolic profiles an obvious separ-
ation between PCC1 mutant and wild-type cells was detected
both at day 2 and 10, and the separation between wild-type
and HIBCH overexpression strains was only observed at
day 10 (electronic supplementary material, figure S5). As men-
tioned earlier, BCAA contents differ to a greater or lesser
degree, between transgenic lines andwild-type, and in particu-
lar, Ile is much higher in the PCC1 mutant at day 6. Although
we did not analyse the protein levels of PCC1, accumulation
of Ile in the PCC1mutant is in agreement with the downregu-
lation of PCC1. PCC1 silencing slowed down BCAA
degradation, but did not result in BCAA accumulation
in cells at day 10, and HIBCH overexpression promoted
BCAA degradations. The phenotypes in these transgenic
strains account for the fact that knockdown of PCC increases
propionyl-CoA oxidation to acrylyl-CoA and eventually
to acetyl-CoA. HIBCH, encoded by a single-copy gene in
P. tricornutum, plays a key role in this oxidation pathway. In
addition, serine, which can be metabolized to the intermediate
of Ile degradation (S)-3-methyl-2-oxopentanoate [32], was also
increased by 31% at day 6 in the PCC1 mutant, but decreased
by 23–47% in the twoHIBCH overexpression strains (electronic
supplementary material, Data S3). Alanine (Ala), phenyl-
alanine (Phe) and glutamate (Glu) were increased by 55%,
140% and 102%, respectively, in the PCC1 mutant at day 6,
and accordingly these amino contents tended to decrease in
HIBCH overexpression strains (figure 3 and electronic sup-
plementary material, Data S3). 2-Oxoglutarate is the first
substrate for Ala, Phe and BCAA catabolism, and can derive
from Glu catalysed by glutamate dehydrogenase (GLDH)
[33]. Increased 2-oxoglutarate (by 207%) at day 6 in the PCC1mutant might result from the lowered amino acid degradation,
thus decreased 2-oxoglutarate (by 20–62%) in HIBCH over-
expression strains is also reasonable (figure 3). Besides
2-oxoglutarate, TCA cycle intermediates succinate, fumarate
and malate also accumulated at day 6, indicating the cell
metabolism change in the PCC1 mutant (figure 3).
Glycine (Gly) is the only proteinaceous amino acid that
increased during nitrogen starvation and is a precursor of glu-
tathione and glycine betaine, which play an important role in
stress tolerance in plants [34–36]. Gly content in the PCC1
mutant was 23–144% higher from day 2 to 10 than that of
wild-type (figure 3), and N,N-dimethylglycine and sarcosine,
the intermediates of Gly synthetic metabolism, were also
higher in the mutant (electronic supplementary material, Data
S3). IncreasedGly in cells might be a stress response to silencing
of PCC1. Carnitine is a non-proteinaceous amino acid and is
best known for its fundamental role in animal and fungal
energymetabolism to import activated fatty acids into themito-
chondrion and to feed the b-oxidation process [37,38]. This
metabolite was not detected in the PCC1 mutant at day 2,
which might indicate that cells sacrificed fatty acid b-oxidation
to Ile degradation via amodifiedb-oxidation,while it recovered
to levels comparable to those in wild-type at day 6 and 10 (elec-
tronic supplementary material, Data S3). In addition, glucose
and the glycolysis intermediate glucose-6-phosphate accumu-
lated at day 6 in the PCC1 mutant, and UDP-glucose involved
in chrysolaminaran [39] was higher at day 2–6 (figure 3),
suggesting that inhibition occurred for these metabolism
pathways.4. Conclusion
PCChas high transcript abundances inP. tricornutum and plays
an important role in the metabolism of some amino acids and
the fatty acids with an odd number of carbon atoms. Knock-
down of PCC affects glycolysis, the TCA cycle, fatty acid
oxidation and amino acid metabolism. As the most direct
response, the metabolism of propionyl-CoA to methylmalo-
nyl-CoA is inhibited and thus disturbs the catabolism of Ile
through propionyl-CoA to methylmalonyl-CoA. However,
PCC silencing will redirect propionyl-CoA to acetyl-CoA
via a modified b-oxidation. Overexpression of HIBCH in
P. tricornutum confirms that the activated b-oxidation acceler-
ates the Ile degradation, thus enhancing carbon skeletons to
the TCA cycle and giving rise to TAG accumulation under
nitrogen limitation. Our study provides a good strategy to
obtain high-lipid-yield transgenic diatoms for biofuel
production by modifying the propionyl-CoA metabolism.
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